The acid-base properties of naphthalen-1-ol (L1), naphthalene-1,5-diol (L2), and 4-amino-3-hydroxynaphthalene-1-sulphonic acid (L3) were characterized from pH-metric measurements in pure water and in different concentrations (0-4 mol kg −1 ) of aqueous KCl solutions at the temperature range of = (293.15 to 213.15) K at 5 K intervals. The results reveal that naphthalen-1-ol and naphthalene-1,5-diol molecules have two ionisable protons (of the hydroxyl groups) while 4-amino-3-hydroxynaphthalene-1-sulphonic acid has three ionisable protons (hydrogen ion of the hydroxyl group, SO 3 H, and NH 3 + ). Modeling of the data was done by applying Debye-Hückel model. The protonation and the solvation processes of all studied ligands are spontaneous and endothermic processes. Also the solubilities of naphthalen-1-ol, naphthalene-1,5-diol, and 4-amino-3-hydroxynaphthalene-1-sulphonic acid were determined. The data were analyzed using Setschenow equation and the values of Setschenow coefficients ( ) were determined. From the solubility data, the activity coefficients were obtained. The values of the total solubilities ( T ) for naphthalen-1-ol and naphthalene-1,5-diol were found equal to the values of their neutral species ( 0 ). On the other hand, the total solubility for 4-amino-3-hydroxynaphthalene-1-sulphonic acid is different from that of its neutral species. The results also indicate solubility decrease in pure water from L1-L2-L3.
Introduction
Naphthols are used in the manufacturing of dyes (where they are classified as fast dyes, with characteristic colors, and usually slightly cheaper than vat dyeing) and other important compounds and as a ligand in the transition-metal catalysts [1, 2] . Naphthols can be used in many organic syntheses [3, 4] . Also it was found that naphthol is used to decrease testosterone levels in adult men [5, 6] and to stain collagen in histology [7] . Moreover it is used for polychrome stains with animal tissue. For industry purposes naphthol is used for staining wool, nylon, paper, an oxidized aluminum, and soap [7] . Naphthols are pollutants as a result of their slow degradation.
The study of the solubilities and the acid-base properties of naphthalen-1-ol, naphthalene-1,5-diol, and 4-amino-3-hydroxynaphthalene-1-sulphonic acid is very useful for both the industrial and the environmental purpose. The purpose of the present work is to study the solubilities (one of the most important physicochemical parameters) and the protonation constants of naphthalen-1-ol, naphthalene-1,5-diol, and 4-amino-3-hydroxynaphthalene-1-sulphonic acid in pure and in aqueous potassium chloride solutions of different ionic strengths at the temperature range of = (293.15 to 213.15) K at 5 K intervals.
Experimental

Materials and Solutions.
Potassium chloride (99.5%) (BDH, England) was used after drying at = 383.15 K. Sodium hydroxide (99.5%) (Fluka, puriss, electrochemical grade) was used. Carbonate-free KOH solution was also prepared and standardized against oxalic acid. Hydrochloric acid (36.5%) (Fluka) solution was prepared and standardized against sodium carbonate. The ligands, naphthalen-1-ol (99.0%), naphthalene-1,5-diol (99.5%), and 4-amino-3-hydroxynaphthalene-1-sulphonic acid (99.0%) (Scheme 1), were used as supplied from Aldrich. All solutions were prepared in double-distilled water. Soda lime was used to preserve all solutions from atmospheric CO 2 . Cellulose membrane was used for the filtration process of the centrifuged saturated solutions, and then standard KOH solution was used for titration processes of the filtered solutions. The titrated solutions were under magnetic stirring. In order to remove O 2 and CO 2 , purified N 2 was bubbled through the solution. Titrand solutions were prepared and pH measurements were performed as reported earlier [8, 9] . The reported data are the mean of three independent experiments.
Results and Discussion
Protonation Constants.
The pH measurements for the ligands under study (naphthalen-1-ol, naphthalene-1,5-diol, and 4-amino-3-hydroxynaphthalene-1-sulphonic acid) in aqueous solution, at the temperature range of = (293.15 to 213.15) K at 5 K intervals, were performed as reported earlier [8, 9] . The number of protons associated with the molecules of the ligands under study, , was calculated as reported earlier [10] .
The maximum values measured in case of the ligands in the selected conditions has been found to be ∼0.9 for naphthalen-1-ol, ∼1.9 for naphthalene-1,5-diol, and 2.85 for 4-amino-3-hydroxynaphthalene-1-sulphonic acid revealing that the 1-naphthol has one ionisable hydrogen atom and 1,5 dihydroxynaphthalene molecule has two ionisable hydrogen atoms of the hydroxyl groups while 1-amino-2-naphthol-4-sulphonic acid has three ionisable hydrogen atoms of the hydroxyl group, sulphonic group (SO 3 H), and amino group (NH 3 + ). The protonation constants of naphthalen-1-ol and naphthalene-1,5-diol and 2.85 for 4-amino-3-hydroxynaphthalene-1-sulphonic acid were calculated by applying the interpolation half method [11] . ESAB2M program [12] was used for recalculation of the protonation constants of naphthalen-1-ol and naphthalene-1,5-diol and 2.85 for 4-amino-3-hydroxynaphthalene-1-sulphonic acid.
The experimental protonation constants along with the literature [13] values of naphthalen-1-ol, naphthalene-1,5-diol, and 4-amino-3-hydroxynaphthalene-1-sulphonic acid are reported in Tables 1-3 . The H is a function of the activity coefficients as reported in (1) for naphthalene-1,5-diol as example:
where log H ,0 is the logarithm of the protonation constant at infinite dilution and is the activity coefficient of the th species. The change in H with the solution ionic strength can be shown as presented in Figure 1 , for L1 as example. As can be noted from Figure 1 , and also from similar figures for L2 and L3, the change in H with the solution ionic strength for naphthalen-1-ol, and naphthalene-1,5-diol, is similar to the change reported for carboxylates and resorcinols [14, 15] . On the other hand the change in H with the solution ionic strength for 4-amino-3-hydroxynaphthalene-1-sulphonic acid shows a quite different behaviour which may be due to the presence of (SO 3 H) and (NH 3 + ) groups. This behavior may be due to the effect of the ligands-supporting electrolyte mutual interactions and the relation between the protonation constants and the ionic strength of the solution. The ligands-supporting electrolyte mutual interactions have opposite effect on the carboxylate, resorcinol, and amino groups.
On comparing the effect of KCl on the protonation constant of the naphthols compounds under study with that of NaCl on the same naphthols [9] , we can note that the effect of NaCl may be identical to that of KCl. This can be shown from the nearly equal values of the parameters ∞ and 0 at 298.15 K.
Modeling of the Data. The change in
H with the ionic strength was studied according to Debye-Hückel model [14] as shown in
where * = ∑ 2 react − 2 prod and ( ) depends on the ionic strength as shown in the following equation:
The change in H with the solution ionic strength was indicated from the values of the parameters ∞ and 0 which reported for ionic strength = ∞ and ionic strength = 0, respectively. The same equation for is reported earlier [16, 17] and it can be used up to ionic strength = 6 mol⋅kg −1 . The values of the protonation constant at infinite dilution and Table 4 .
Solubility Measurements.
According to the association processes of naphthalen-1-ol, naphthalene-1,5-diol, and 4-Amino-3-hydroxynaphthalene-1-sulphonic acid, the following equilibrium can be established. The total solubility ( T ) for naphthalen-1-ol, naphthalene-1,5-diol, and 4-amino-3-hydroxynaphthalene-1-sulphonic acid was considered equal to the summation of the neutral and deprotonated or partially protonated species in solution, as follows:
(For (6) and (7) see [18] and for (9), (10), and (11) see [19] 
The values of the neutral species solubility, 0 , can be calculated by considering (5)-(15c) as follows:
The values of the total solubilities ( T ) for naphthalen-1-ol and naphthalene-1,5-diol were found equal to that of their neutral species ( 0 ). The values of the total solubilities ( T ) for L1 and L2 or those of their neutral species ( 0 ) were reported in Table 5 . On the other hand, the total solubility for L3 is different from that of its neutral species, calculated from (18), as reported in Table 6 .
The effect of KCl salt concentration on the solubility of the studied naphthols was studied by fitting the total molal solubility ( T ) of the naphthol against the KCl salt concentration ( MX ) (e.g., Figure 2 ) as expressed in the following equation:
where T 0 and T are the total molal solubility of the studied naphthols in pure water (i.e., at infinite dilution where MX = 0.00) and in different KCl salt concentrations, MX is the molal concentration of KCl salt, and ( ) represents the linear parameter (Tables 5 and 6 ). The solubility of the ligands under study follows the order naphthalen-1-ol > 4-amino-3-hydroxynaphthalene-1-sulphonic acid > naphthalene-1,5-diol, as shown in Figure 2 . The determined values of T 0 from the fitting of (20) were found to be nearly the same values determined experimentally.
The activity coefficients ( ) of the studied naphthols, in the molal concentration scale, were calculated [20] applying the following equation:
where 0 0 and 0 are the molal solubilities of the neutral species of the studied naphthols, in pure water (i.e., in pure water, where MX = 0.00) and in different KCl salt concentrations, respectively, and is the Setschenow coefficient [21, 22] . At infinite dilution the activity coefficients are equal to the unity where the solubility is <0.05 mol kg −1 , and there are no ligand self-interactions. Depending on this base, (20) is valid for the present case. Setschenow coefficients were calculated by fitting (20) . The Setschenow coefficients and the activity coefficient ( ) values were reported in Tables  7 and 8 for naphthalen-1-ol, naphthalene-1,5-diol, and 4-amino-3-hydroxynaphthalene-1-sulphonic acid, respectively. Figure 3 shows the change of the activity coefficients with the solution ionic strength for naphthalen-1-ol as example. The same trend for the change of the activity coefficients with the solution ionic strength was noted also for naphthalene-1,5-diol, 4-amino-3-hydroxynaphthalene-1-sulphonic acid, and some oxygen-donor ligands [13, 15, 20] . The obtained average Setschenow coefficient value 0.21 ± 0.10 for the studied ligands is in good agreement with literature average = 0.20 ± 0.10 [23, 24] .
Thermodynamic Calculations
Protonation Thermodynamics.
The different thermodynamic parameters of the protonation processes, the change in the standard Gibbs free energy, the change in the standard enthalpy, and the change in the standard entropy, were calculated and discussed. The standard Gibbs free energy 
The standard enthalpy change Δ H ,0 and the standard entropy change Δ H ,0 can be calculated using Table 9 . The process of protonation of naphthalen-1-ol, naphthalene-1,5-diol, and 4-amino-3-hydroxynaphthalene-1-sulphonic acid is spontaneous and exothermic process as indicated from the negative standard Gibbs free energy changes values and enthalpy change values. These results are in a good agreement with the literature trends [25, 26] . The value of SP can be calculated using
log SP = log 4 + 3 log Table 10 . The solvation processes for naphthalen-1-ol, Figure 5 , it was noted that the solvation free energy of the ligands has the order naphthalen-1-ol > 4-amino-3-hydroxynaphthalene-1-sulphonic acid > naphthalene-1,5-diol. This indicates the higher solvation of the ligands in the order naphthalen-1-ol > 4-amino-3-hydroxynaphthalene-1-sulphonic acid > naphthalene-1,5-diol.
The linear functions ( (22) and (25)) (Figures 4 and 5 ) used for the calculation of the enthalpy and entropy values imply that such parameters do not vary largely within the (large) temperature range explored (293.15-213.15 K); that is, the heat capacity change of the system is basically small.
Conclusions
The acid-base properties and the solubilities of naphthalen-1-ol, naphthalene-1,5-diol, and 4-amino-3-hydroxynaphthalene-1-sulphonic acid were determined in pure water and in different concentrations (0-4 mol kg −1 ) of aqueous KCl solutions at the temperature range of = (293.15 to 213.15) K at 5 K intervals. The values of the total solubilities ( T ) for naphthalen-1-ol and naphthalene-1,5-diol were found equal to that of their neutral species ( 0 ). On the other hand, the total solubility for 4-amino-3-hydroxynaphthalene-1-sulphonic acid is different from that of its neutral species. The solvation processes of all studied ligands are nonspontaneous and endothermic processes. The solvation of the ligands has the order naphthalen-1-ol > 4-amino-3-hydroxynaphthalene-1-sulphonic acid > naphthalene-1,5-diol. The protonation processes of all studied ligands are spontaneous and exothermic processes.
